Abstract. Clay is a low cost and environment-friendly material for construction. On ring, it gets hard and attains compressive strength as high as normal concrete. This paper presents the exural behaviour of singly reinforced baked clay beams under longterm sustained loads. The loads applied at midspan of these beams were 30%, 40%, and 50% of their short-term failure load for a period of 360 days. The results show that the rate of de ection, formation of cracks, and their stabilization was completed in a certain period of time depending on the intensity of the long-term sustained loads. In the rst and second loading conditions, this period of opening and stabilization of cracks was 100 and 77 days, respectively. Then, the de ection increased with a decreasing rate. While in the case of 50% of loading condition, the period of formation and stabilization of cracks was reduced to only 50 days, and then these cracks became dormant and no new crack was developed with respect to time. After that, negligible midspan de ection was observed with time. In addition to this, the de ection in these beams was more compared to the estimated long-term de ection according to ACI code.
Introduction
Baked clay has been utilized as building construction material since the ancient time in the world; for example, in Ziggurats of Mesopotamia, Moen-Jo-Daro, Great Wall of China, and the Minarets of Islam (see . About 30% of the people in the world use baked clay houses for their shelter [1] .
Baked clay is a non-combustible and non-decaying material. It is red at high temperatures. Therefore, strong bonds are formed which make it resistant to weathering [2] . In baked clay, absorption and release of heat occur gradually. This implies that such houses maintain cooling in hot weather and warmth in cold. Therefore, there may be no signi cant need for arti cial heating and cooling in baked clay houses. Energy saving, in terms of less heating and cooling, may result in good environmental conditions. Baked clay has good acoustic properties to reduce noise [3] . Baked clay is long-lasting building material. This suggests that buildings made of clay, with low maintenance, can last for many hundred years [4] .
Baked clay is considered to be a potential alternative to concrete in order to reduce construction cost of houses in plain areas of Pakistan [5] [6] [7] [8] [9] . Previous studies indicate that baked clay could be used as a substitute for concrete, and its cube crushing strength obtained was comparable to that of concrete [10] . It is a novel idea to use reinforced baked clay as building construction material; therefore, it is necessary to understand its structural behaviour under short-term as well as long-term sustained loads.
The e ects of long-term sustained service loads can cause various levels of de ection depending upon the property of material from which the structure is made, intensity of loading, environmental conditions, and duration of the loading [10] . The de ection of beams should be estimated accurately because it can damage the structural and nonstructural elements of the building [11] . Unfortunately, there is no literature available regarding the long-term study of Reinforced Baked Clay (RBC) beams, to the best of knowledge of the authors. On the other hand, the structural behaviour of the Reinforced Cement Concrete (RCC) beams has been studied on large scale [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and numerical models are developed to simulate the behaviour of concrete on long-term loading [25] [26] [27] .
The de ection in reinforced concrete beams is in uenced by creep and shrinkage of concrete, which again depends on environmental conditions, humidity, type of cement, water cement ratio, age of concrete, amount of compressive steel, size of specimen, and support conditions [28] [29] .
The prediction of de ection of beams is a very complex problem which needs a practical knowledge of the material from which the beam is made and the e ects of various boundary conditions on the beam throughout its service life [30] [31] [32] .
Regarding the short-term exural behaviour of laboratory-sized singly Reinforced Baked Clay (RBC) beams, which were properly grouted, the study shows that the majority of these beams failed in shear when they were not properly compacted and consolidated at the time of casting and baked at the temperature less than 900 C [7] .
To get insight into the long-term behaviour and seek solution to this shear failure in RBC beams, this study was conducted and 18 beams were tested, out of which 12 beams were tested in short-term loading, and the remaining 6 were loaded with di erent levels of loads for a period of 360 days.
2. Materials and method 2.1. Beam specimen Indigenous clay was quarried from the premises of Civil Engineering Department Laboratory of Quaid-eAwam University of Engineering Science and Technology Nawabshah, Sindh, Pakistan. The clay samples were taken at the depth of 1.25 m, so that the debris of construction materials and aggregates may not be mixed with the quarry ( Figure 5 ). This clay was properly dried and pulverized ( Figure 6 ) before being mixed with 30% of pit sand ( Figure 7 ). Potable water up to 22% was added and mixed in pan mixer for 15 minutes. This moist clay was covered under a plastic sheet for 24 hours for proper maturing. Then, beams were cast in a mould having size of 2000 300 150 mm, and perforations were made for reinforcement at the time of casting. The beams were compacted at the compaction of 6 N/mm 2 . The beams were then dried and baked in a kiln present in the laboratory ( Figure 8 ). The baking process of beams was followed using ASTM C62 [33] . These beams were singly reinforced as the under-reinforced beam section. The beams were tested for short-term loading up to failure in order to determine their load carrying capacity. The reinforcing bars were welded with 150 150 mm anchor plates at both ends of the beam. The size of the beams after drying and shrinking was 1850 mm. The total linear shrinkage observed during drying and baking process of clay beams varied between 0.6-6%, depending on the amount of water added in clay and rate of compaction during casting.
Long-term testing frame
Strong and sti testing steel frames were designed and fabricated for testing of laboratory size beams for longterm loading (see Figure 9 ). The testing frames are composed of (i) a double truss section for supporting the beam at base; (ii) a double vertical post channel section to carry and support the jack cylinder in a correct vertical position for load application on beam; (iii) four tension sti ening steel plates which join the ends of truss section to the top of vertical posts in order to increase the strength and sti ness of the frame; (iv) a very strong hydraulic jack for the application of long-term sustained loads; (v) a load cell to show the rate of loading applied at the beam; and (vi) a dial gauge to record the de ection of the beam at midspan due to time-dependent loading.
Test set-up
Six reinforced baked clay beams were tested in a longterm sustained loading condition. In long-term testing frames, concentrated load on simply supported beam was applied at its midspan. The loading was applied by hydraulic jack operated with hydraulic pump. To determine the de ection at midspan of the RBC beams, the frame was attached to de ection dial gauge. The beams were divided into three groups as A, B, and C, according to the rate of loading. The intensity of loading in long-term testing of RBC beams was 30%, 40%, and 50% of the ultimate load carrying capacity of these beams in short-term loading. Two beams were tested in each case. The load was sustained on these beams for 360 days and data of de ection were recorded with time.
3. Results and discussions 3.1. Short-term loading Six RBC beams singly reinforced, as under-reinforced section, were tested in short-term loading. It was observed that majority of the beams failed only in exure by opening a single crack in tension zone, while, in some beams, this exural crack was opened at a distance less than the e ective depth from the midspan in tension zone. No sign of shear failure was observed in any of the beams tested in short-term loading. The beams failed at average ultimate load of 80 kN applied at midspan.
Long-term loading
For the observation of structural behaviour of RBC beams under long-term sustained loads, six beams were tested in three-point loading. This load was sustained on these beams for 360 days. These beams were divided into three groups as Group A, B, and C, according to the intensity of sustained loading. There were two beams in each group. There were three intensities of loading as 30%, 40%, and 50% of the ultimate capacity of loading on these beams in short-term loading.
Time-de ection response of reinforced baked
clay beams Group A contains beams BL 1 and BL 2 . These beams were loaded up to 30% of the ultimate load carrying capacity of the beams in short-term loading. The de ection of the beams with respect to time is shown in Figure 10 . The results show that the long-term de ection of the beams was about 1.12 mm after 360 days of loading ( Figure 10 ). Group B contains beams BL 3 and BL 4 . These beams were loaded up to 40% of the ultimate exural load carrying capacity and showed de ection of 1.43 mm after sustained loading of 360 days ( Figure 11 ), the beams BL 5 and BL 6 comprised Group C. This group of beams was loaded at 50% of the ultimate load, which resulted in maximum midspan de ection of 3.84 mm after 360 days (Figure 12) . Figures 10-12 show that the de ection increases with the increase of the level of loading and time.
Figures 10-12 show that more rate of increase of midspan de ection was observed in the beams loaded with less loading intensity (30% and 40%) as compared to the beams loaded with higher loading intensity (50%). This increase in the rate of midspan de ection may be attributed to the idea that these RBC beams have a certain de ection capacity at midspan. In the case of higher loading intensity, the capacity of de ection of beam occurred in less duration of time, whereas, in the case of less loading intensity, a small instantaneous de ection occurred and the remaining part of the de ection capacity occurred due to time of loading.
The rate of increase of de ection in the case of beams BL 5 and BL 6 , loaded with 50% of loading intensity, is more in its initial age of loading and reached its higher levels (3.84 mm and 3.37 mm, respectively) in only 50 days. No remarkable increase in midspan de ection was observed with the time of loading (Figure 12 ). The rate of de ection became asymptotic after the age of loading of 50 days and continued to remain unchanged for the remaining period of loading of 360 days. In the case of the beams loaded with smaller loading intensity, less rate of midspan de ection was observed as compared to the beams BL 5 and BL 6 . The midspan de ection reaches its maximum values of 1.08 and 0.85 mm in beams BL 1 and BL 2 , respectively, in about 100 days. In beams BL 3 and BL 4 , the instantaneous part of the socalled de ection capacity occurred within a duration of 77 days and reached up to 1.35 mm and 1.16 mm, respectively. After this period, the remaining part of total capacity of de ection of these beams was caused by time of loading. In addition, after the age of loading of 360 days, the total midspan de ection in beams BL 3 and BL 4 reached 1.43 mm and 1.22 mm, respectively. Moreover, in the case of Group C, the de ection capacity of the beams occurred in very small duration of time of 50 days and reached 3.84 mm and 3.37 mm, respectively. But, no increase in de ection was observed after this period up to the loading period of 360 days.
The long-term de ection was calculated analytically using ACI code [30] and was compared with the experimentally determined values (Figures 10-12 ). According to Figures 10-12 , the ACI curves show very small de ection as compared to experimental values. This may be attributed to the di erence in type of material (i.e., baked clay) used in the beams. This formula of de ection, according to ACI code, was formulated for concrete which is non-homogeneous material, whereas the baked clay is purely homogeneous material after baking. The aforementioned idea needs further research, and such formulas for prediction of de ection of RBC beams must be deciphered. Occurrence of cracks in the beams may be another possible cause of these higher values of de ection obtained experimentally. Baked clay is a strain sensitive material and these Reinforced Baked Clay (RBC) beams were cracked at small load of 30% of the ultimate one. After the cracking process, the tensile stress in the beams was transferred to the tensile reinforcement. Thus, the beams showed more de ection.
Crack-opening development
The cracking of the beams, in majority of cases, was started by opening of single crack near the center of the beam below loading point at bottom. This crack propagated upward to reach the loading plate at the top of beam in compression zone. In other cases, one or two cracks were opened at a distance of less than the depth of beam from center. In the case of two cracks, these cracks propagated upward converging towards midpoint of beam in compression zone to meet at the center of loading plate. The increased rate of de ection and opening of cracks of RBC beams was observed mainly during the rst 100 days of the sustained loading in the case of group A. After the rst 100 days of loading, these cracks were stabilized and became dormant and a very small increase in midspan de ection was observed. In the case of beams of group B, the opening of cracks was completed within the rst 77 days of loading history. After this period, these cracks stabilized and became dormant. A very small midspan de ection was observed in this group of beams as compared to that of Group A after 77 days, whereas, in the case of beams of Group C, the total de ection occurred in only a small period of 50 days and all the cracks were opened and stabilized in this period. No new crack was observed to open in tension zone after this period. These cracks remained dormant for the remaining period of sustained loading of 210 days.
Practical importance of reinforced baked clay
In Reinforced Baked Clay (RBC) beams, neither compression reinforcement nor shear reinforcement was needed, forming more than 50% of the total area of reinforcement in the beams. Saving, in terms of reinforcement cost, can be achieved by using RBC rather than reinforced cement concrete, since baked clay is 20% lighter than that of concrete. Hence, about 20% of reinforcement is saved that is required to support self-weight of the beam. In this study, the reinforcing agent was steel, which is corrodible in nature in the presence of moisture. If non-corrodible material, such as Fiber Reinforced Polymer (FRP), is used instead of steel, reinforced baked clay buildings can be designed to last for more than a thousand years.
Conclusions
The main conclusions drawn by studying Reinforced Baked Clay (RBC) beams under long-term sustained loading for a period of 360 days are:
1. Mode of failure of RBC beams was a purely exural one; 2. Failure commenced with (in the majority of cases) the opening of single crack from the bottom below the loading plate. This crack advanced upward to reach the loading plate at the top compression ber; 3. In some cases, one or two cracks were opened at distance less than the depth of beam from midspan. These cracks advanced upward converging inwards in compression zone to meet at the center of loading plate; 4. All the beams were cracked when the loading reached 25% of the ultimate capacity of RBC beam tested in short-term loading; 5. The rate of de ection and opening of cracks of RBC beams depends upon the rate of suspended loading within 100, 77, and 50 days for the beams loaded with 30%, 40%, and 50% of the ultimate load carrying capacity of the beams, respectively; 6. In case of the RBC beams loaded with 30% and 40% of short-term failure, a small increase in midspan de ection was observed with time of loading. The cracks became dormant and no new crack was observed when loading up to 360 days; 7. The de ection, observed in the beams loaded with 50% load after 50 days, was negligible as compared to the de ection observed in beams loaded with 30% and 40% of the loading capacity of the beams. After 50 days of the loading time, the cracks became dormant and no signi cant de ection was observed in the age of loading up to 360 days.
